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Abstract 
Infiltration of ceramic materials into a pre-formed ceramic scaffold is an effective way of fabricating a solid 
oxide fuel cell with nano-structured ceramic electrodes by avoiding detrimental interfacial reactions through 
low-temperature processing for achieving high performance using hydrogen as well as carbonaceous fuel. 
However, there are, however, significant concerns about the applicability of this method because of the 
difficulty in fabricating a large-area gas-tight but thin electrolyte between two highly porous ceramic and the 
multiple repetitions of infiltration process. Here, a large-area (5 cm by 5 cm) scaffold with a thin yttria-
stabilized zirconia (YSZ) electrolyte sandwiched between two identical porous structures is prepared by tape 
casting and co-firing, and then solution precursors are impregnated into the porous scaffolds to prepare 
nano-structured La0.8Sr0.2FeO3 (LSF) and La0.7Sr0.3VO3- (LSVred). The thus prepared solid oxide fuel cell 
with 10 wt.% ceria + 1 wt.% Pd as catalyst in anode shows a peak power of 489 mW/cm
2
 (~6 W per cell) at 
800 
o
C using H2 as fuel and air as oxidant. This large-area fuel cell retained the integrity of the thin 
electrolyte and high performance after the reducing-oxidation cycle at 900 
o
C, showing superiority over the 
conventional Ni(O)-YSZ based support. 
Keywords: solid oxide fuel cell, infiltration, ceramic electrode, YSZ 
Introduction 
Fuel cells are the most efficient electrochemical device to directly convert stored chemical energy to usable 
electrical energy [1,2]. Compared to proton membrane exchange fuel cells (PEMFCs) that require pure 
hydrogen as fuel, solid oxide fuel cells (SOFCs), utilizing an oxygen ion conducting electrolyte, can oxidize 
either hydrogen or hydrocarbon fuels. In the last decade, much effort has been devoted to developing 
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conductive oxide-based anodes (e.g. (La, Sr) TiO3 [3,4], (La, Sr) (Cr, Mn) O3- [5,6] and Sr2Mg1-xMnxMoO6-
 (x=0-1) [7]) to enhance the fuel flexibility of SOFCs because they are more stable against carbon 
formation in hydrocarbon-based fuels and less sensitive to oxidation and reduction (redox) cycles than the 
state-of-the-art Ni (O) cermet does. However, two major problems are associated with the ceramic anode. 
First, compared with Ni (O) cermet, the electrode-performance characteristics of most of these materials are 
poor at intermediate temperatures (600-800 
o
C) because many of these oxides are not good catalysts for the 
oxidation of the fuel [8]. The introduction of reducible transition metals into the functional layer is one 
approach that can be used to enhance the catalytic activity [9]. The infiltration of ceramic conductors and 
catalytic metals (e.g. Ni, Pt and Pd) into porous scaffolds that had been pre-sintered onto the electrolyte is 
regarded as an effective method of promoting the electrode performance via producing nano-scale particles 
by in-situ sintering at relatively low temperatures [10,11, 12,13]. The nano-scale particles are able to 
increase the length of triple phase boundaries (TPBs) that provide the reaction sites for the fuel oxidation 
[14]. Second, the low conductivity of most ceramics in a fuel environment prohibits a configuration with a 
thick anode because of the large ohmic losses that it might cause [14]. In this study, we decided to use 
La0.7Sr0.3VO3- (LSVred) as the anode material as it has recently been shown to provide good electronic 
conductivity in scaffold configuration [15,16,17]. For example, the effective electronic conductivity of 30 
wt. % LSVred impregnated into an YSZ scaffold was reported to be higher than 1 S cm
-1 
for porous bodies at 
700 
o
C [16].  
The breakthrough of utilization of infiltration as a practical method in producing nano-structured ceramic 
electrode lies in the scaling up for mass production of commercial devices, as lots of effort has been devoted 
to developing infiltration as an effective way of fabricating high-performance electrodes and avoiding the 
undesired solid-state reaction between the perovskite and YSZ as in conventional sintering process of 
composite electrodes [18]. Scaling up this new design from its tablet-size prototype to a full-size fuel cell 
would be a large step toward making a SOFC of high performance and more fuel flexible. Unfortunately, the 
scaling up of infiltration is difficult because of the intrinsic idiosyncrasies of this method. First, the 
fabrication of a thin watertight electrolyte of large area on a highly porous substrate is, in fact, a primary 
challenge in the co-sintering of powders via cost-effective method [19]. The highly porous support is frailer 
than a Ni(O)-YSZ support and no weight can be put onto it to make it flat. Second, the infiltration process 
usually requires multiple infiltrations and pre-sintering steps [20] to deposit enough oxides to form a 
conductive layer of interconnected particles, and it is unknown if the porous scaffold on a large-scale cell 
will survive the repetitions of thermal cycling or if the solution will be evenly distributed over the large-area 
porous structure. Finally, the transport of solution in several hundred micrometers of pore structure to the 
electrode/electrolyte interface is another concern in the mass production of large-scale anode- or cathode-
supported SOFCs [21].In this study, however, we demonstrate that scalable and cost-effective tape casting 
can be used to prepare the flat large-area dense electrolyte on porous scaffold and then concentrated aqueous 
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solutions of precursors can be used to impregnate the cathode and anode before each pre-sintering to obtain 
a loading of 25 wt. % La0.7Sr0.3VO4- (LSVox) for anode and 35 wt.% La0.8Sr0.2FeO3 (LSF) for cathode in ten 
impregnations. In order to avoid infiltrating one very thick support, we choose to impregnate two identical 
YSZ scaffolds for cathode and anode. 
Experimental section 
Slurry for the green tapes of electrolyte was prepared by milling the YSZ (HSY-8, DKKK, Japan) with 
binder (Polyvinyl butyral) and plasticizers (Polyethylene glycol and Di-n-butyl phthalate) in ethanol – 
Methyl Ethyl Ketone solvent and then cast on to a Mylar paper. Two layers of green tape containing YSZ 
and 65 wt % and 85 wt. % graphite (compared to the weight of YSZ) were cast sequentially on the top of the 
ysz green tape with 1-hour interval for drying [22].Two co-cast green tapes were laminated together (Figure 
1 (a)) to produce a tri-layer green tape for YSZ wafer. The green tapes were fired at 1400 
o
C for 5 hours on a 
zirconia plate to prepare the scaffold for impregnation (Figure 1 (b)). In order to avoid the warping of the 
large-area scaffold, the green tape is in between two zirconia plates. A group of thin wedges or spacers is 
placed beside the green tape to avoid the direct crush of zirconia plate on the porous structure and zirconia 
tape and to allow scalability in a stack system, as shown in Figure S1. In our lab four scaffolds can be 
produced in each batch. 
Stoichiometric amounts of  La(NO3)3.6H2O, Sr(NO3)2, NH4VO3 and Fe(NO3)3.9H2O were dissolved in de-
ionized water together with citric acid (1:1 mole to metallic ion) for the impregnation of La0.8Sr0.2FeO3 
(LSF) and La0.7Sr0.3VO4- (LSVox). Considering the low solubility of metavanadate in water at room 
temperature, the solution for LSVox was heated up to 60 
o
C on a hot plate and then impregnated into one side 
of the porous scaffold, followed by the impregnation of LSF on the other side of the scaffold. The scaffold 
with the content is pre-sintered hereafter at 700 
o
C for 30 minutes after each impregnation. Ten 
impregnations had been performed to get the loading of LSF and LSVox reaching 35 wt. % and 25 wt. %, 
respectively. For the cell with catalyst, solution of Ce nitrate and Pd nitrate were impregnated into the anode 
after the final 700-
o
C firing, followed by a firing at 500 
o
C. Pt paste ((Gwent, C2000904P3)) was applied on 
both sides of the electrode and then the whole cell was fired at 900 
o
C for 30 min to densify the Pt paste and 
produce the correct phase of the perovskite. 
A single cell was tested on a non-sealing device (ECN type) that uses N2 around the edges of cathode side of 
the cell as a separating gas [23]. The arrangement of the testing satiation is shown in Figure S2. A weight of 
4 kg was put onto the cell to improve contact after the installation. Because the fuel cell will be sandwiched 
in between two flat alumina bodies, the fuel cell has to be flat enough to avoid being cracked by the 
pressure.The sample was heated up to 700 
o
C at a ramp rate of 1 
o
C min
-1
, and then wet hydrogen (4.3 % 
H2O) was applied to replace the initial nitrogen flow on the anode to allow a 2-hour reduction. The flow rate 
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of air was 2500 ml min
-1
 and those of pure oxygen and hydrogen were 500 ml min
-1
. For the thermal and 
redox cycle, the tested fuel cell was taken out of the testing device, fired at 900 
o
C for 30 min and tested 
again. Electrochemical characterization was performed under ambient pressure. Ac impedance measurement 
was carried out on a Solartron 1260 frequency response analyzer (FRA) by applying a sine signal of 10 mV 
in the range from 10 kHz to 0.04 Hz. The IV curve was retrieved by a Kikusui Electronic Load. The 
reflective XRD pattern was recorded on a PANalytical X-ray diffractometer with graphite-monochromatized 
Cu K radiation (λ = 1.5418 Å), employing a scan rate of 1.5 deg. min-1 in the 2θ range of 10° to 100°. The 
diffraction data were refined by the Rietveld method, using the program General Structure Analysis System 
(GSAS). The microstructure and composition of the electrodes was inspected by SEM on a JEOL 6700F 
scanning electron microscope with an Energy-dispersive X-ray spectroscopy (EDS). Some of the samples 
were mounted in an epoxy and then polished for backscattering electron imaging. The measurement of 
porosity was carried out on the back-scattering images with the software ImageJ (National Institute of 
Health, Bethesda, MD). 
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Result and discussion 
 
Figure 1. (a) Schematic illustration of the lamination of the YSZ green tapes with two co-cast layers 
containing YSZ and varied amount of graphite; (b) the scaffold sintered at 1400 
o
C having a flat laminated 
area and a warping frame from the outskirts of green tapes; (c) SEM cross-section of the scaffold with a 
dense electrolyte and two identical gradient porous structure for the electrodes; (d) image of the fuel cell 
(cathode side) after impregnation and scraping off the frame.  
The scheme (Figure 1 (a)) illustrates the lamination of the co-cast green tapes for co-sintering. Since YSZ 
powder from the same batch is the only ceramic involved in the sintering process at elevated temperature, 
Frame
Laminated area
(b)
Outer layer
Outer layer
Inner layer
Electrolyte
Inner layer
(c) (d)
Co-cast layer 2
O
u
tsk
irts
Electrolyte 
Co-cast layer 1
Electrolyte
Co-cast layer 1
Co-cast layer 2
(a)
Laminated area
O
u
tsk
irts
7 cm
8.2 cm
6 
 
the mismatch in the rate of shrinkage is less a concern than that in the co-sintering of different materials.  
The outer edge of the sintered scaffold (Figure 1 (b)) contains a stretching frame from the outskirt of the 
larger green tape that enables the large central flat laminated area, with only the outer edge being 
constrained during sintering. A sample without the outer edge is shown in Figure S3, which indicates that 
the whole sample is deformed, showing radial gutters originating from the center of the porous scaffold. The 
microstructure (Figure 1 (c)) of the scaffold contains a 55-m electrolyte sandwiched between two identical 
YSZ layers of gradient porosity; the porous inner layer in contact with electrolyte is 52 % porous (48-m 
thick) measured by image analysis and the outer layer is 67 % porous (112-m thick). This graded design is 
beneficial for producing a dense electrolyte on the porous structure while providing enough porosity for 
mass transport [21,24]. The low porosity of the inner layer with smaller pores can also increase the surface 
area for the impregnated particles to sit on and decrease the pore size for smaller interface resistance. After 
impregnation, the frame was rubbed off to produce a 5 cm by 5 cm fuel cell (Figure 1 (d)).  
The XRD patterns of the strontium-doped lanthanum vanadate (LSV)-YSZ electrode before and after 
reduction are shown in Figure S4, confirming the conversion of LSVox into LSVred after reduction in the fuel 
at 800 
o
C. The reduction of monazite LSVox is reported to occurred readily at an oxygen fugacity, 10
-18
 atm., 
below 700 
o
C [25] to produce an electrically conductive perovskite LSVred. The The cell parameters of the 
LSVred in YSZ porous structure are calculated by refining the high-intensity XRD data of LSVred/YSZ, as 
shown in Figure S5. The structure of infiltrated LSVred is refined as orthorhombic with a=5.5326(4) Å, 
b=7.8237(5) Å, c=5.5499(2) Å and V= 240.23 Å. The volume of the unit cell of La0.7Sr0.3VO3- is slightly 
larger than that reported for La0.9Sr0.1VO3-
26
, 240.16 Å
3
. The incorporation of a Sr
2+
 at the position of La
3+
 
should expand the unit cell due to the larger ion radius of Sr
2+
. Even though pure La0.7Sr0.3VO3 crystals are 
observed with calcination at 2000 
o
C under Ar/H2 gas
27
, the annealing of La0.7Sr0.3VO4- will eventually lead 
to phase separation and the appearance of SrVO3 in addition to the orthorhombic LaVO3 phase in the 
temperature range of 800-1100 
o
C
26,28
 under reduction with H2. The refinement in this study is not able to 
eliminate the existence of traces of cubic Sr1-xLaxVO3 (x<0.5) or tetragonal Sr3V2O7 phase. 
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Figure 2. Performance of an ceramic impregnated large fuel cell with and without ceria + Pd as catalyst 
under wet (4.2 vol. % H2O) H2 fuel. (a) I – V and I – P curves; (b) Nyquist plots of impedance spectra. The 
gas flow rates were 2.5 L/min air and 500 ml/min wet H2. The insert in (b) is the magnified plot for the cell 
with ceria + Pd as catalyst.  
Impregnated cells with a current-collected area of 3.5 cm x 3.5 cm were electrochemically characterized at 
700-800 
o
C using humidified H2 (4.2 vol. % H2O) as fuel and air as oxidant. In Figure 2 (a), the open circuit 
voltages (OCVs) are above 1.07 V at both temperatures for all cells with or without impregnation of 10 
wt.% ceria + 1 wt.% Pd as catalyst. Considering the non-sealing property of the ECN-type testing station 
(see experimental section), this OCV is high enough to imply a dense electrolyte. The maximum power 
densities (Figure 2 (a)) for the cell without catalysts on the anode side are 84 mW cm
-2
 and 245 mW cm
-2
 at 
700 
o
C and 800 
o
C, respectively. The addition of 10 wt.% ceria + 1 wt.% Pd enhances the performance 
significantly: high power densities of 300 mW cm
-2
 and 489 mW cm
-2
 are achieved at 700 
o
C and 800 
o
C, 
respectively. The maximum power is 6 W for a single cell at 800 
o
C. Of the limited demonstrations on large-
area fuel cells prepared by infiltration technique, the performance of this fuel cell at 700 
o
C is comparable to 
the one with a sintered Ni(O)-YSZ support and an La0.6Sr0.4Co0.2Fe0.8O3-infiltrated YSZ cathode that shows 
a peak powder density of 350 mW cm
-2 29
. However, this is the first demonstration of large area fuel cells 
with ceramic anode and with infiltration for both cathode and anode. Comparing with the cell without 
catalyst, the dramatic decrease of the electrode polarization resistance, Rp, which is represented by the 
distance between the high and low frequency intercepts of the curve with the real impedance axis (Fig. 2 
(b)), confirms that the high electrode losses come from the anode of the cell without catalyst. In order to 
study the contribution of the cathode losses, pure oxygen is used as the oxidant for the cell with 10 wt.% 
ceria + 1 wt.% Pd in the anode. The slope of the IV curve (Figure 3 (a)) and the Rp estimated from 
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impedance plot (Figure 3(c)) change slightly with the increase of the partial pressure of oxygen, indicating 
that 160-m cathode contributes only an small part to the Rp in the region above 0.7 V.  
 
 
Figure 3. Performance of fuel cell with ceria + Pd as catalyst under air or oxygen as oxidant before (a) and 
after (b) redox cycle at 900 
o
C. (c) Nyquist plots of impedance spectra at OCV under air or oxygen as 
oxidant.  
 
The performance of the fuel cell after thermal and redox cycle at 900 
o
C is shown in Figure 3(b). The 
maximum power density at 700 
o
C decreases to 220 mW cm
-2
, but the OCV does not change, meaning the 
conversion between LSVred and LSVox does not exert any damage to the integrity of the electrolyte, in 
contrast to the electrolyte on the nickel cermet-supported fuel cell [30].The sintering of nano particles, 
especially metallic Pd, might be a concern at a redox temperature as high as 900 
o
C[31], but the ceramic-
impregnated fuel cell can still be used at intermediate temperatures. The redox cycle is supposed to change 
the microstructure of the anode, including LSVred, ceria and Pd [32], but the sintering of LSF on the cathode 
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side can also contribute to the increase of impedance because the difference of the  partial pressure of 
oxygen exerts greater influence on the Rp value, as shown in Figure 3 (c). 
 
Figure 4. SEM images of LSF/ YSZ (a), LSVox/YSZ (b) and post-test LSVred/YSZ (c) electrode; (d) is that 
of LSVox / YSZ with ceria and Pd after a calcination at 900 
o
C for 30 min. The white particles in (d) are Pd 
nano particles. 
 
Figure 4 shows the SEM images of the electrodes. After the calcination at 900 
o
C in air, both the LSVox and 
LSF form a coating of 100 nm particles on the surface of YSZ. Similar to the observation of LSCM on 
YSZ[33] after firing in air and then reduction, LSVred particles contracted in humidified H2 at 800 
o
C, 
exposing the underneath YSZ scaffold partially to the fuel. This phenomenon demonstrates an increase of 
active surface occurring under operational conditions. This morphology can decrease the electronic 
conductivity of the LSVred structure but provide more TPBs for electrochemical reaction. The ceria particles 
supporting the Pd particles of approximately 20 nm form a porous network on the surface of LSVox after 
calcinations at 900 
o
C which is thought to inhibit the poisoning of metal catalyst caused by direct contact 
with vanadium and slow down the growth of Pd nanoparticles [15,31].  
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Conclusion 
In conclusion, a 5 cm by 5cm flat tri-layer scaffold of YSZ has been prepared using the inexpensive and 
scalable tape casting method and impregnated with perovskites for cathode and anode. The configuration of 
gradient porosity and identical scaffold for cathode and anode simplifies the sintering process and the 
impregnation process. Furthermore, the fuel cell shows excellent performance thanks to the nano-sized 
perovskite formed at intermediate temperatures and the 160-m cathode does provide sufficient mass 
transport of oxygen and does not limit the performance of the cell. 
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Captions of figures 
Figure 1. (a) schematic illustration of the lamination of the YSZ green tapes with two co-cast layers 
containing YSZ and varied amount of graphite; (b) the scaffold sintered at 1400 
o
C having a flat 
laminated area and a warping frame from the outskirts of green tapes; (c) SEM cross-section of the 
scaffold with a dense electrolyte and two identical gradient porous structure for the electrodes; (d) 
image of the fuel cell (cathode side) after impregnation and scraping off the frame.  
Figure 2. Performance of an impregnated large fuel cell with and without ceria + Pd as catalyst 
under wet (4.2 vol. % H2O) H 2 fuel. (a) I – V and I – P curves; (b) Nyquist plot of impedance 
spectra. The gas flow rates are 2.5 L/min air and 500 ml/min wet H2. The insert in (b) is the 
magnified plot for the cell with ceria + Pd as catalyst.  
Figure 3. Performance of fuel cell with ceria + Pd as catalyst under air or oxygen as oxidant before 
(a) and after (b) redox cycle at 900 
o
C. (c) Nyquist plots of impedance spectra under  air or oxygen 
as oxidant.  
Figure 4. SEM images of LSF/ YSZ (a), LSVox/YSZ (b) and post-test LSVred/YSZ (c) electrode; (d) 
is that of LSVox / YSZ with ceria and Pd after a calcination at 900 
o
C for 30 min. The white particles 
in (d) are Pd nano particles  
 
 
 
Figure S1. (a) scheme of the sintering set-up; (b) a stacking system in practice. 
Figure S2. Schematics of the ECN jig. (a) shows the assembly of the ceramic components for 
holding the fuel cells; (b) is the bottom view to show the channel of scanning gas distributor. The 
current collectors on the fuel or air distributor are neglected.  
Figure S3. Images of the tri-layer scaffold with (left) and without (right) the frame. 
Figure S4. XRD patterns for the LSVox/YSZ (black line) and LSVred/electrode (red line). 
Figure S5. XRD pattern of LSV/YSZ composite electrode after reduction at 800 
o
C 4.2% steam 
containing H2. The dots are observed data and the green line is calculated data. The vertical bars are 
calculated reflections for phases. Upper red represents LSV orthorhombic with symmetry Pbma and 
bottom black belongs to YSZ cubic with symmetry Fm-3m. 
 
